Primary care providers often are asked to perform the preparticipation physical exam and cardiac screening of pediatric athletes. It can be challenging to evaluate which athletes may require further cardiac evaluation and specialist referral based on a focused history and physical. There is considerable controversy surrounding mass electrocardiogram (ECG) screening of athletes in the United States. The ECG is one of several diagnostic tests used by pediatric cardiologists in the evaluation of underlying heart disease in young athletes. This article reviews cardiac conditions associated with sudden death, discusses pertinent findings on history and physical, and provides clinically relevant information for practitioners who are deciding which patients to refer for detailed cardiac evaluation. Foundation Registry, 1980 to 2005. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; AS, aortic stenosis; CAD, coronary artery disease; C-M, cardiomyopathy; HD, heart disease; LAD, left anterior descending; LVH, left ventricular hypertrophy; and MVP, mitral valve prolapse. (Borrowed from Maron BJ, Thompson PD, Ackerman MJ, et al. Recommendations and considerations related to preparticipation screening for cardiovascular abnormalities in competitive athletes: 2007 update: a scientific statement
INTRODUCTION
There is considerable controversy surrounding the utility and cost effectiveness of screening electrocardiograms (ECG) and echocardiograms on young athletes in the United States. Most primary care practitioners are not involved in community-based screening but frequently perform sports physicals on individual children and teenagers in the office. In general, pediatric cardiologists who are well trained to perform cardiac screening are not the practitioners providing first-line care to these young, healthy athletes. The objectives of this article are to provide primary care practitioners with a review of cardiac conditions associated with sudden death in the active pediatric population, to discuss aspects of the history and physical that may prompt further testing or specialist referral, and to highlight some of the findings on ECG and echocardiograms that may be consistent with cardiac conditions and/or athlete's heart. For the purposes of this review, ''healthy pediatric athletes'' refers to asymptomatic patients 18 yr and younger who have no known cardiac conditions at the time of sports preparticipation screening.
CAUSES OF SUDDEN CARDIAC DEATH
Sudden death of a young athlete on the field or court is a rare but tragic event, occurring in about two in 100,000 high-school athletes each year (11, 27) . Hypertrophic cardiomyopathy (HCM) is the most common cause of sudden death in young athletes (Figure) and accounts for 36% of cases (33) . In HCM, a genetic mutation causes asymmetric hypertrophy of the ventricular septum, which can lead to left ventricular outflow tract obstruction and fatal ventricular arrhythmias. African-American male athletes are at the highest risk for sudden death from HCM (29) . The second most common cause of sudden cardiac death in athletes includes anomalous origin of a main coronary artery, usually arising from the wrong aortic sinus and coursing between the pulmonary artery and aorta (33) . Coronary artery anomalies can be suggested by episodes of chest pain and/or syncope with exercise but often go undiagnosed and are identified at autopsy (4) . The mechanism of sudden death likely is myocardial ischemia (4, 49) .
Other less common causes of sudden death that are related to anatomic lesions include aortic root rupture, aortic stenosis, and arrhythmogenic right ventricular dysplasia (ARVD) (33) . Connective tissue disorders, including Marfan syndrome, can lead to weakening of the aortic wall, development of aortic root dilatation, and increased risk of aortic rupture. Marfan syndrome can be suggested by physical exam and occurs equally in males and females across race and ethnic groups (47) . Congenital aortic stenosis refers to thickening and narrowing of the aortic valve, which is often detected by a significant systolic murmur in childhood. Children diagnosed with congenital aortic stenosis should be followed routinely by a pediatric cardiologist who evaluates the degree of stenosis, determines timing of intervention, and restricts sports participation according to guidelines developed for children with known congenital heart disease (15) . ARVD is a hereditary disorder caused by fibrosis and fatty tissue infiltration of the right ventricle. It is rare and difficult to detect in young athletes in the United States but is the most common cause of sudden death in athletes in Italy (31) . The first presentation of ARVD can be sudden death due to sustained ventricular arrhythmias (24) .
Arrhythmia syndromes comprise another group of diagnoses that can lead to sudden death in athletes. In Wolff-Parkinson-White (WPW) syndrome, an accessory pathway leads to preexcitation (early depolarization) of the ventricles and episodes of paroxysmal supraventricular tachycardia. Many athletes are asymptomatic but may demonstrate preexcitation (slurred upstroke in the QRS complex, prolonged QRS interval) on a screening ECG. Sudden death in WPW has a low incidence (0.2%) (13) but can occur when there is accelerated conduction through the accessory pathway leading to atrial fibrillation with a rapid ventricular response (19) . Athletes with WPW may be at increased risk of developing ventricular fibrillation (17) . Other diagnoses that may be identified by a screening ECG include cardiac channelopathies, such as long QT and Brugada syndromes, which can lead to episodes of ventricular tachycardia and ventricular fibrillation. These are rare hereditary disorders that involve abnormalities in cardiac ion channels. Patients with ion channelopathies may have significant family histories of early sudden death.
ATHLETE'S HEART
A variety of morphological changes can occur in the hearts of highly trained young athletes. Athlete's heart refers to changes in the heart that are due to endurance and/or strength training, including left ventricular dilatation, mild concentric left ventricular hypertrophy, and left atrial en-largement (9, 26) . Aerobic exercise (e.g., running and cycling) leads to both increased left ventricular wall thickness and cavity size, whereas anaerobic exercise (e.g., weightlifting) leads to increased left ventricular wall thickness without a significant change in cavity size (41, 44) .
It can be challenging to differentiate athlete's heart from pathologic changes due to HCM. In athlete's heart, the hypertrophy in response to training tends to be symmetric and concentric; all of the ventricle walls appear mildly thickened. In HCM, the hypertrophy generally is asymmetric, with most cases showing disproportionate hypertrophy of the ventricular septum with relatively normal thickness of the other ventricle walls. Age, body surface area, gender, and race affect normative values for wall thickness in athletes.
There are limited pediatric data regarding athlete's heart. Children typically are evaluated using wall thickness norms based on body surface area rather than chronological age. One study in elite adolescent athletes aged 14 to 18 yr recommended that HCM should be considered when wall thickness is greater than 11 mm in Caucasian females and 12 mm in Caucasian males (45) . Female athletes are less prone to develop athlete's heart than male athletes because of smaller left ventricular cavity size, wall thickness, and lower cardiac output during exercise (41) . Interestingly, females are much less likely to experience sudden death during exertion compared with males (31) . In contrast, African-American male athletes are at the highest risk for sudden death and typically have higher wall thickness at baseline compared with Caucasian athletes (3, 20, 29) . In summary, teenage athletes with septal wall thickness greater than 11 mm in females and 12 mm in males may be concerning for underlying cardiomyopathy, and referral to pediatric cardiology should be considered. In children, septal wall thickness greater than two standard deviations above the mean (based on body surface area) is suspicious for HCM, although norms for specific ethnic populations need to be established.
CARDIAC CONSIDERATIONS DURING THE PREPARTICIPATION EXAM
When screening athletes for underlying cardiac conditions, it is very important to implement a focused history and physical exam. The American Heart Association (AHA) proposed a set of screening questions (Table 1) to help primary care providers identify possible cardiovascular concerns that may warrant further evaluation and specialist referral (33) .
The personal history should focus on cardiovascular symptoms the patient experiences with exercise, particularly chest pain, excessive dyspnea, and/or near-syncope/ syncope (33) . The physical exam may be normal in a young athlete with an underlying heart condition, which can make the personal and family history even more significant. A significant family history for early sudden death and/or certain cardiac conditions (e.g., Marfan syndrome, long QT syndrome, HCM) can help raise concern for these diseases in an asymptomatic patient (46) .
Pediatric cardiologists perform focused history and physical exams that incorporate the AHA guidelines but also draw from their own training and clinical experiences. For instance, although chest pain is a common complaint referred to a general pediatric cardiologist, it very rarely is due to cardiac causes in the pediatric population (10, 12, 18) . Common benign causes of chest pain in older children and teenagers include costochondritis, precordial catch syndrome (pleural pain with breathing), stress, and anxiety. A detailed history of the symptoms can be very helpful in identifying noncardiac causes. Pediatric patients with noncardiac chest pain often report that the pain is self-limited, independent of exercise, and not associated with other symptoms. Chest pain that is triggered by intense exercise and associated with other concerning symptoms, such as radiating pain, lightheadedness, syncope, and/or tachycardia, is significantly more suggestive of a cardiac etiology. Underlying problems that can cause cardiac ischemia in young athletes can include anomalous origin of a coronary artery, Kawasaki disease with coronary abnormalities, and familial hypercholesterolemia (18) .
Shortness of breath on exertion more commonly is due to asthma and/or deconditioning than to cardiac chest pain, particularly in obese children (10) . Shortness of breath with exercise can be a difficult symptom to explore in detail with children. Questions related to the degree of dyspnea (beyond what would be expected with exercise), associated symptoms, and the timing of dyspnea (e.g., at the onset of exercise vs after intense exercise) may be helpful. Cardiopulmonary exercise testing, weight loss, and/or trial of albuterol prior to exercise also can be important in the evaluation of isolated exertional dyspnea.
Palpitations are not included in the AHA 12-element history and physical but comprise another common chief complaint in older children and teenagers presenting to pediatric cardiologists (34) . Athletes who complain of palpitations with exercise may raise concern for arrhythmias (e.g., catecholaminergic polymorphic ventricular tachycardia, or long QT syndrome). Again, the history can be very helpful in obtaining an accurate description of the palpitations. When asking about palpitations, it is important to ascertain the heart rate reported during the episode. Often children will describe a ''hard'' and ''pounding'' heartbeat as opposed to a rapid heart rate. It can be helpful to ask the patient to tap out the rate or compare it to target heart rates reached during exercise. In practice, one can teach the patient and parents how to take a radial pulse for Brachial artery blood pressure (sitting position) § *Parental verification is recommended for high school and middle school athletes. †Judged not to be neurocardiogenic (vasovagal); of particular concern when related to exertion. ‡Auscultation should be performed in both supine and standing positions (or with Valsalva maneuver), particularly to identify murmurs of dynamic left ventricular outflow tract obstruction. §Preferably, taken in both arms. 37 (Adapted from Maron s and multiply by four. The family is asked to keep a diary of palpitation episodes. They are instructed to write down the times the episode starts and stops, patient's activity at the time (playing, exercising, resting), and the heart rate. Arrhythmogenic causes of sudden death tend to generate heart rates above what would be expected with intense exercise. A detailed description of the onset and resolution of the episode is valuable. Arrhythmias tend to start and stop suddenly instead of gradually increasing and decreasing in heart rate.
Syncope is common in older children and teenagers, but it usually is vasovagal and rarely cardiac in etiology (6) . Common triggers for noncardiac syncope include dehydration, heat, anxiety, fear, and rising from a supine position (6) . Syncope with the following characteristics suggests an underlying heart condition: exercise-induced, associated symptoms (chest pain, dyspnea, and/or palpitations), and/or significant family history (e.g., HCM, long QT syndrome, early sudden death) (50) . Therefore, in a young athlete, syncope during strenuous exercise is suspicious for heart disease associated with sudden death and warrants a detailed cardiac evaluation (46) .
Other elements of the medical history can impact the need for further cardiac screening in athletes. Many athletes will have other common diagnoses, such as obesity and asthma, which may cause similar symptoms and decrease the suspicion for cardiac disease (10) . Use of medical and nonprescription substances, including dietary supplements, energy drinks, steroids, recreational drugs, and/or stimulant medications, may be relevant. Approximately 10% of children have attention deficit hyperactivity disorder (ADHD), many of whom are on stimulant medication. Although there are limited data on the risk of sudden death in athletes on ADHD medications, health care providers may have a lower threshold to pursue cardiac screening in these patients. Parents should be requested to leave the exam room temporarily to ask the patient about use of anabolic steroids, alcohol, and recreational drugs. Anabolic steroids can lead to cardiac hypertrophy and have been associated with sudden cardiac death (48) . Cocaine use has been implicated in myocardial ischemia, infarction, arrhythmias, cardiomyopathy, and sudden death (23) .
Questions about a history of early sudden death in the family should be asked to both the athlete and the parents, who may be more familiar with the family history. It can be helpful to explore unexpected deaths with questions such as ''Has anyone in the family drowned who knew how to swim? Has anyone been in a fatal car accident without being under the influence of alcohol? Have any infants in the family died from unknown causes or a heart condition?'' Questions about abnormal heart rhythms and pacemakers also may uncover familial arrhythmia syndromes. Family history of sudden death and syncope more often is found in patients with long QT syndrome than in patients with other causes of syncope (6) . A careful clinical exam is needed to pick up abnormalities, as the majority of physical examinations will be normal. Many of the hereditary syndromes involved in sudden cardiac death have no apparent physical exam signs, except for Marfan syndrome (tall, thin stature, pectus deformity, joint hypermobility, scoliosis, and arm span greater than height) (47) . A heart murmur and/or elevated blood pressure on physical exam may warrant further evaluation. A heart murmur in an adolescent can be a normal finding, but it also can be suggestive of HCM and other cardiac diagnoses ( Table 2 ). Maneuvers such as bearing down and rising from a supine to standing position will increase the pitch of the murmur when there is left ventricular outflow tract obstruction in HCM (46) . In contrast, patients with HCM who do not have left ventricular outflow tract obstruction might not have a murmur. An S3 heart sound can be normal in healthy teenagers, although it is considered abnormal in adults. In contrast, an S4 heart sound (heard with decreased ventricular compliance) is abnormal in all age groups. Other physical exam findings that may suggest cardiac diagnoses include jugular venous distension, hepatomegaly, hyperactive precordium/thrill, and displaced apical impulse. Hypertension should be evaluated on multiple occasions and may require 24-h ambulatory monitoring to diagnose essential hypertension (35, 43) , which is becoming more common with the childhood obesity epidemic. Secondary causes of hypertension in pediatric patients include aortic coarctation, renal artery stenosis, chronic renal disease, and pheochromocytoma. Coarctation of the aorta can be suggested by a nonspecific murmur, decreased femoral pulses, and hypertension and confirmed by echocardiogram.
PEDIATRIC CARDIOLOGY PERSPECTIVE
A variety of tests make up the cardiologist's armamentarium in the evaluation of athletes with concerns raised by a focused history and physical (Tables 3 and 4 ). The test most often obtained by referring providers and cardiologists is the resting 12-lead ECG, which has high sensitivity (60%Y91%) for cardiac conditions associated with sudden death, but low specificity, particularly in athletic populations because of several mild ECG abnormalities associated with athlete's heart (2, 8, 33) . Most cardiologists would not argue the benefits of obtaining an ECG for an athlete with concerning history, signs, and/or symptoms identified by the focused AHA history and physical. In a referral patient population, the ECG is a quick, easy, and inexpensive test compared with other cardiology procedures. Evaluation of an individual patient referred to a pediatric cardiology office is a very different scenario from the significant resources required for community-wide screening of all young athletes.
Recent guidelines have been published by European cardiology societies that propose that certain ECG abnormalities found in athletes, including sinus bradycardia, first-degree atrioventricular block, early repolarization, incomplete right bundle branch block, and isolated QRS voltage criteria for left ventricular hypertrophy, are benign and may not require further evaluation (8) . There are various ECG criteria for diagnosing left ventricular hypertrophy, many of which have low sensitivity for HCM (16) . Non-QRS voltage findings of left ventricular hypertrophy that may suggest HCM include left-axis deviation, left atrial enlargement, and ST and T-wave abnormalities. Inverted T-waves in a postpubertal athlete can suggest any of the following: ARVD, congenital heart disease, ischemic heart disease, cardiomyopathy, aortic valve disease, and noncompaction (8) . The interpretation of inverted T-waves is problematic in children and teenagers. It is normal for T-waves in the precordial leads to invert from a few days of life to adolescence. Therefore, inverted T-waves in athletes younger than 16 yr are not necessarily indicative of pathology (36) .
In addition to the ECG, a 24-h Holter, 30-d event monitor, and/or exercise test are used by pediatric cardiologists to try to document the heart rhythm during episodes of palpitations. These tests also provide reassurance when palpitations are sensed but no malignant arrhythmia is found. In lieu of electrophysiological documentation of irregular rhythms, the following historical information would increase concern for arrhythmias in athletes: significant tachycardia 9220 bpm, associated symptoms of lightheadedness and/or syncope, and family history of early sudden death (6) . Abnormal ECG findings often lead to an echocardiogram among other tests to search for a cardiac diagnosis. Table 4 presents an example of cardiac conditions suggested by positive findings from additional tests.
A pediatric cardiologist may have a low threshold to perform an echocardiogram, partly due to ease in obtaining the study in the office, and partly due to concerns relayed from the family and primary care provider regarding the need to provide ''sports clearance'' for the athlete. There often is a time pressure involved once the patient is referred to the pediatric cardiologist's office due to the imminent start of a sports season or summer camp. Even after a thorough cardiac evaluation, the pediatric cardiologist cannot be 100% certain that the patient will not experience sudden death during sports. The medical-legal aspects of providing sports clearance is a significant concern for subspecialists although beyond the scope of this paper.
SPORTS MEDICINE PERSPECTIVE
There is a continuing debate as to whether to screen all athletes with ECG ( Table 5 ). Sudden death is a very uncommon event that happens to an estimated 75 athletes per year in the United States, but only about 30% are not likely to be caught by an ECG (31) . In a recent study by Stanford University, a group of college athletes underwent a preparticipation exam including a history, physical exam, and an ECG screening. Of the athletes, 10% were found to have abnormal ECG findings and obtained further testing (22) . The cost effectiveness study showed that ECG screening saved 2.06 life years per 1000 athletes, at a cost of $89 per athlete and a ratio of $42,900 per life saved (51) . In comparison, older data from 2000 suggested the cost of the history and physical alone, which costs $84,000 per year of life saved (14) . Some argue that only professional and collegiate athletes should be screened with an ECG since they are more competitive. Most of the data supporting screening athletes with ECG is from research from Italy (7, 40, 42) . Because Italy only has an athlete population of 6 million compared with 15 million in the United States, it is feasible for them to only screen highly competitive athletes (7) . However, this can be perceived as discriminating and unfair. Sudden deaths mostly occur in nonathletes; therefore, limiting ECG to competitive athletes may result in missed cases in the general pediatric population, which would entail screening all 75 million children in the United States (25) . The AHA estimates that it would cost approximately $2 billion annually to implement an ECG program to screen all of these children (28) . Although the AHA doesn't recommend mandatory ECG screenings in athletes, it does encourage the volunteer efforts in different high schools, colleges, and communities. Certainly, improvement in preparticipation screening of conditions associated with sudden cardiac death is needed and deserves further research. Sports medicine and primary care physicians who perform regular preparticipation examinations raise many practical concerns. These concerns include medicolegal, technical, and logistical issues. Fortunately, there is little precedent for successful medicolegal suits against physicians for sportsmedicine related issues, especially with regard to the preparticipation physical exam (32) . As in all areas of medicine, the principle of practicing the standard of care equal to what would be practiced reasonably by a colleague with a similar level of experience would hold. Following procedures and using paperwork outlined in the recent PPE Preparticipation Physical Evaluation (4th Edition) monograph (1), which recently was published and endorsed by several leading primary care and sports medicine organizations, is recommended, as this provides a reasonable standard of what is expected. Where and how an exam is conducted have implications for the ownership and accessibility of the exam record. Physicians' records are protected by the Health Insurance Portability and Accountability Act (HIPAA), and records of exams performed at school are covered under the Family Education Rights and Privacy Act of 1974 (1) .
Sports medicine or primary care physicians may perform large numbers of preparticipation physical exams in a large clinic or at schools, which can be a daunting and timeconsuming task. Often, more than one physician and other staff members are involved, and the mass screenings are conducted in stations. Pieces of the cardiac examination are divided typically into the following: 1) review of the history questionnaire, 2) recording of vital signs (pulse, blood pressure), and 3) the medical portions of the physical examination. It is recommended that the health professional who is completing the preparticipation exam form review the details of the cardiac examination before authorizing participation of the athlete. Having adequate staff members who are trained to perform their tasks can facilitate and optimize the preparticipation exam process. Staff members can review the questions before the physician repeats the review to make sure there are not any red flags. The history and consent form must be completed appropriately, including a parent's signature. It is extremely useful to have the parent review the form, as research demonstrates that the history is more accurate when the parent helps complete the form (5) . Finally, at minimum, parental contact information, or even better, the primary care physician and medical insurance information, can be useful to facilitate any necessary follow-up. An automated blood pressure cuff can be useful, especially if there are numerous athletes and the assessment area is noisy. The appropriate sized cuff should be used, and any spurious values should be repeated in a quiet room with a standard blood pressure cuff and stethoscope. Similarly, the medical examination portion should be conducted in a private, quiet area so that the physician can auscultate the heart properly. A portable athlete examination table set at an appropriate height is useful to facilitate the supine and standing auscultation maneuvers. Knowledge of the student population you are serving as well as the referral sources for cardiology care in your community is useful. Building a referral network of specialists who are interested in dealing with cardiac issues in young athletes is extremely helpful.
CONCLUSION
The primary care practitioner is encouraged to perform a focused cardiovascular history and physical exam in the office or other setting as part of the standard of care for a sports preparticipation visit. This is an important first 
Pros Cons
Cardiovascular screening for young competitive athletes is justifiable on ethical, legal, and medical grounds (38) .
ECG screening of athletes have a high false positive rate (16.9%Y40% rate of false positives (2, 21) .
Sudden death is estimated to occur in two in 100,000 high-school athletes each year (30) .
False positive ECG tests can cause anxiety and unnecessary removal of athletes from sports.
Incidence of sudden deaths before and after implementation of screening fell by 89% in Italy (7) .
Physicians need to be willing to work extra in order to do the screenings.
ECG improved the sensitivity (90.9%) compared with no ECG (45.5%) (2) and the negative predictive value from 98.7% to 99.8% (38) .
Physicians may not feel trained enough to conduct cardiac screenings for athletes (25) .
Large organizations support screening of competitive athletes including the European Society of Cardiology and International Olympic Committee (37) .
Screening for sudden cardiac death program may not be a top health care priority (39) .
Costs are equivalent with other life-saving treatments considering cost per year of life saved.
An ECG screening program could cost approximately $2 billion annually for testing in the United States (51) .
Specific populations are at higher risk for hypertrophic cardiomyopathy (e.g., African-American athletes).
Italian studies involved a homogeneous ethnic group and may not represent other populations.
There is a need to continue to improve the preparticipation physical exam and cardiac screening process.
ECG criteria for abnormalities in young athletes is not established fully.
ECG = electrocardiogram.
step in the evaluation of a patient who may then go on to further testing and specialist referral as needed. Although community-based screenings with ECGs of young athletes in the United States may become routine at some point in the future, currently they are not performed widely because of concerns regarding false positives, false negatives, and screening costs. In the meantime, refinement of the cardiovascular focused history and physical in athletes may help identify risk factors for sudden cardiac death and lead to appropriate referral for detailed cardiac evaluation.
